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Abstract: Dye-sensitized solar cell (DSC) technology has been broadly investigated over the past few
decades. The sandwich-type structure of the DSC makes the manufacturing undemanding under
laboratory conditions but results in the need for reproducible measurements for acceptable DSC
characterization. Electrochemical impedance spectroscopy (EIS) offers the possibility to study complex
electronic systems and is commonly used for solar cells. There is a tendency in the literature to present
impedance data only for one representative device. At the same time, as current density–voltage plots
illustrate, measurements can vary within one set of DSCs with identical components. We present
multiple DSC impedance measurements on “identical” devices prepared using two different dyes
and present a statistical analysis regarding the reproducibility.
Keywords: electrochemical impedance spectroscopy; dye-sensitized solar cells; dye; statistical analysis
1. Introduction
Over the last few decades, solar cells have become a key technology due to their ability to convert
sunlight into electrical energy. Silicon-based solar cells are already established in the marketplace, but
their costly and tedious fabrication motivates the examination of alternative systems. Dye-sensitized
solar cells (DSCs) are a promising solution. The sandwich-type DSC structure is easy to manufacture
with a broad variety of sensitizers and offers lower-cost devices. The photoanode typically consists
of a fluorine-doped tin oxide (FTO)-coated glass substrate with a layer of a sintered nanoparticulate
semiconductor (usually TiO2 in n-type DSCs), onto which a sensitizer is adsorbed.
The high scientific interest in DSCs has resulted in the development of techniques for measuring
their performance. The necessity for optimized and reproducible measurements is critical. The
most broadly used characterization methods for DSCs are current density–voltage plots (J–V curves),
external quantum efficiency (EQE) measurements, and electrochemical impedance spectroscopy (EIS).
The solar-to-electrical energy conversion efficiency (η) is a solar-irradiance-dependent unit, which can
be written as Equation (1) [1]:
η =
POUT
PIN
=
(Jsc)(Voc)( f f )
PIN
, (1)
where η is presented as a function of the short-circuit current density (JSC), the open-circuit voltage
(VOC), the fill factor (ff ), and total incident solar power of the cell (PIN). Due to the relationship between
η and PIN, the correct characterization of DSCs depends not only on the calibration of the irradiance to
a standard 1 Sun at an air mass (AM) of 1.5, but also on the active area of the DSC, which needs to be
smaller than the total surface of the area of TiO2 [2,3]. This is achieved by masking the cell, such that
only a small circular region of a functionalized semiconductor is irradiated. Use of unmasked cells
without a set irradiance area results in an overestimation of η.
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Incident photon-to-current conversion efficiency (IPCE) or EQE is the spectral response of a solar
cell to the light in terms of current [4]. The IPCE can be calculated according to Equation (2) [4]:
IPCE =
rate number o f collected electrons
rate number o f collected photons
. (2)
For accurate measurements, factors including the calibrated light at 1 Sun, cell masking, and
temperature control for long measurements have to be considered.
Electrochemical impedance spectroscopy is a well-known technique used for studying electrical
properties of different materials [5,6]. A DSC has a complicated structure involving multiple interfaces,
at which many electronic processes take place simultaneously. In contrast to resistance, impedance is
not limited to one circuit element and can therefore be used to describe a system as a more complex
and general circuit. EIS is based on the application of a small alternating current (AC) perturbation (V˜)
at a fixed frequency (f ) over a sample in equilibrium at stationary bias [7]. The impedance at a specific
frequency is denoted as Z(f) and is presented in Equation (3):
Z( f ) =
V˜
I
, (3)
where Ĩ is an AC modulation. The impedance can be seen as a frequency-dependent differential
resistance of the I–V curve, because of the small amplitude of the AC voltage modulation (Figure 1) [8].
For the full impedance spectrum, a measurement is made in a frequency range from hertz (Hz) to
kilohertz (kHz).
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counter electrode, the recombination resistance (Rrec), the chemical capacitances (Cμ), and the 
diffusion resistances of charge carriers in an electrolyte (Ws). Impedance plots include the real (Z’) 
Figure 1. Schematic representation of the relationship between a current–voltage (I–V) plot and
its differential resistances measured by electrochemical impedance spectroscopy (EIS). Individual
differential resistance components of the I–V curve appear as separate impedance arcs due to their
different characteristic frequencies. Reproduced with permission from Reference [8].
EIS results are typically presented in Nyquist and Bode plots, of which the fitting results in
parameters including the series resistance (Rs), the resistance (RPt), and the capacitance (CPt) of a
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counter electrode, the recombination resistance (Rrec), the chemical capacitances (Cµ), and the diffusion
resistances of charge carriers in an electrolyte (Ws). Impedance plots include the real (Z’) and imaginary
(Z”) parts. Classically, a Nyquist plot consists of three semicircles at an open circuit potential (Figure 2a).
The high-frequency region before the beginning of the curve depicts the series resistance. The first
semicircle at high f is associated with the counter electrode, the second semicircle is associated with
the semiconductor–electrolyte interface, and the last semicircle at low f is associated with the diffusion
of the electrolyte. The resistance value can be estimated by the width of the arc along the abscissa [9].
The Bode plot provides an important representation of resistances from the plateaus (Figure 2b). The
electron lifetime (τ) is a critical parameter, which is inversely proportional to the maximum frequency
(fmax), and can be extracted from the Bode plot [10].
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EIS spectra can be recorded with different irradiation intensities, circuit conditions, and frequency
ranges. Under carefully chosen conditions, a significant number of essential processes can be
distinguished according to the spectral shapes of an impedance response, including electron transport
in TiO2, electron recombination at a TiO2–electrolyte interface, and charge transfer at a counter
electrode [11]. Data extracted from J–V curves can be explained in more detail with the help of EIS.
For example, EIS parameters including the recombination resistance, chemical capacitance, transport
resistance, and diffusion length contribute to the value of JSC for a DSC. This allows for a more precise
explanation about the limiting factors of the DSC performance. Many studies have been reported in
order to investigate the correct interpretation of EIS results [12–17].
On the other hand, to the best of our knowledge, there is no discussion in the literature of how
reproducible EIS results for DSCs are. Usually, published data refer only to one measured cell. It
is a common, but by no means universal, practice for current density–voltage measurements to be
presented in the literature for two or more cells. A reproducibility study of DSCs with the standard dye
N719 showed only a small deviation in η of 5.76 ± 0.14% [18]. In order to broaden this investigation
to gain insight into the reproducibility of EIS measurements for DSCs, we performed the impedance
analysis of DSCs functionalized with two commercially available dyes, N719 and SQ2. The Nyquist
profiles are considerably different for N719 and SQ2 (Figure 3) [19–21], and in this paper, we examine
the impedance reproducibility for DSCs sensitized with a metal complex and an organic dye.
Materials 2020, 13, 1547 4 of 11i l  19, 2, x FOR PEER REVIEW   2 
 
 
Figure 3. (a) Structure of N719 (TBA+ = tetra-n-butylammonium); (b) structure of SQ2. 
2. Materials and Methods  
DSC fabrication is described in the Supporting Information. The dipping time of the working 
electrodes for N719 in a dye bath containing the dye was 16 h, and that for SQ2 was 1 h [18]. The 
electrolyte contained an I3−/I− redox shuttle and had a composition of 0.1 M LiI, 0.05 M I2, 0.5 M 
1-methylimidazole, and 0.6 M 1-butyl-3-methylimidazolium iodide in 3-methoxypropionitrile for 
both N719- and SQ2-based DSCs. 
3. Results and Discussion 
3.1. Effect of the Preirradiation of DSCs 
In order to study the reproducibility of the EIS experiments, we measured two sets of DSCs 
with dyes N719 and SQ2. For the fitting of the N719 set, we used the equivalent circuit model 1 
(Figure 4a). This circuit model 1 consisted of five elements and included a series resistance (Rs), a 
resistance (RPt), and a constant phase element (CPEPt) to model a counter electrode, an extended 
distributed element (DX1) to represent a mesoporous TiO2/electrolyte interface as a transmission line 
model, and a Warburg element (Ws), which represented the diffusion of the electrolyte. The 
transmission line model is broadly used for the fitting of DSCs impedance plots. Unfortunately, it is 
not always suitable. In the case of the SQ2 set, a simplified equivalent circuit model was needed 
(model 2), which did not have a DX1 element (Figure 4b). Instead, elements R1 and CPE1 modeled a 
recombination charge transfer resistance and a chemical capacitance. The usage of model 1 will 
result in extremely high transport resistance values, which will be greater than recombination 
resistance. This effect showed that transmission line model could not be used. In our study, a 
constant phase element is employed because of the roughness of the surface [5,22]. For a realistic 
comparison between the N719- and SQ2-based DSCs, we also used model 2 for fitting the DSCs with 
the N719 dye. Thus, we can compare the reproducibility of sets with two different dyes and the 
reproducibility of EIS experiments in terms of two models—circuit model 1 and circuit model 2 in 
the case of the N719-based DSCs. 
 
Figure 3. (a) Structure of N719 (TBA+ = tetra-n-butylammonium); (b) structure of SQ2.
2. Materials and Methods
DSC fabrication is described in the Supporting Information. The dipping time of the working
electrodes for N719 in a dye bath containing the dye was 16 h, and that for SQ2 was 1 h [18]. The
electrolyte contained an I3−/I− redox shuttle and had a composition of 0.1 M LiI, 0.05 M I2, 0.5 M
1-methylimidazole, and 0.6 M 1-butyl-3-methylimidazolium iodide in 3-methoxypropionitrile for both
N719- and SQ2-based DSCs.
3. Results and Discussion
3.1. Effect of the Preirradiation of DSCs
In order to study the reproducibility of the EIS experiments, we measured two sets of DSCs with
dyes N719 and SQ2. For the fitting of the N719 set, we used the equivalent circuit model 1 (Figure 4a).
This circuit model 1 consisted of five elements and included a series resistance (Rs), a resistance (RPt),
and a constant phase element (CPEPt) to model a counter electrode, an extended distributed element
(DX1) to represent a mesoporous TiO2/electrolyte interface as a transmission line model, and a Warburg
element (Ws), which represented the diffusion of the electrolyte. The transmission line model is broadly
used for the fitting of DSCs impedance plots. Unfortunately, it is not always suitable. In the case of the
SQ2 set, a simplified equivalent circuit model was needed (model 2), which did not have a DX1 element
(Figure 4b). Instead, elements R1 and CPE1 modeled a recombination charge transfer resistance and a
chemical capacitance. The usage of model 1 will result in extremely high transport resistance values,
which will be greater than recombination resistance. This effect showed that transmission line model
could not be used. In our study, a constant phase element is employed because of the roughness of the
surface [5,22]. For a realistic comparison between the N719- and SQ2-based DSCs, we also used model
2 for fitting the DSCs with the N719 dye. Thus, we can compare the reproducibility of sets with two
different dyes and the reproducibility of EIS experiments in terms of two models—circuit model 1 and
circuit model 2 in the case of the N719-based DSCs.
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The chemical capacitance was calculated according to Equation (4):
Cµ = (Rrec1−αQ)
1/α
(4)
where Q is a prefactor of CPE and α is an empirical constant. Our first goal was to compare and
understand the reproducibility of the DSCs during EIS measurements. It is known that the J–V
performance and CPE are dependent on the preirradiation of DSCs before measurements [23]. In 2013,
Nguyen et al. published a work where they performed light stress EIS measurements within a period
of 6 to 175 h [24]. It was shown that the impedance spectra significantly changed depending on the
time under irradiation. Thus, we decided to test if the preirradiation of cells is also beneficial for EIS.
We measured two DSCs with N719 and two DSCs with SQ2. The experiments were performed directly
after the fabrication of DSCs without preirradiation, (WOPI), and each DSC was measured 5 times
with a break of 15 min between measurements. Then, in the same manner, we measured the same DSC
after a preirradiation time (API) of 15 min with a light intensity of 1 Sun at 1.5 AM (100 mW cm−2).
The J–V parameters with and without preirradiation are shown in Figure 5, Figure S1, and Table S1
(Supplementary Materials). Between the EIS experiments, the DSCs were kept under ambient light.
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Figure 5. J–V curves for dyes N719 (blue) and SQ2 (green) measured WOPI and after a preirradiation
time (API) of 15 min. The data for duplicate DSCs and the J–V parameters are presented in Figure S1
and Table S1 (Supplementary Materials).
According to the data in Table 1, the time when the EIS measurements were made after building
the DSCs has an impact on the impedance measurements. We observed that the DSCs with SQ2
were more affected by the waiting time before the measurements than the N719-based cells. For the
N719-based cells, Rrec was only slightly affected by standing for four periods of 15 min (hereafter,
referred to as 60 min) after cell fabrication, and the values changed only from 26 to 22 Ω. On the other
hand, the values of Cµ changed from 845 to 970 µF. τ values were only slightly variable and were in
a range of 22 to 18 ms. Ws and parameters for the counter electrode stayed constant. In the case of
the SQ2-based DSCs, we could clearly observe a trend that, after each 15 min period allowing the
DSCs to stand in ambient light, Rrec significantly decreased. The Rrec values reduced from 185 to
94 Ω, which were reflected in the values of Cµ and Ws. At the same time, the counter electrode was
affected with RPt changing from 32 to 19 Ω, when the standing time increased from 0 to 60 min after
the DSC fabrication.
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Table 1. The EIS parameters for the DSCs with N719 and SQ2 dyes. The DSCs were measured without
preirradiation (WOPI).
DSC 1 Rrec (Ω) Cµ (µF) τ (ms) Ws (Ω) Rs (Ω) RPt (Ω) CPt (µF)
N719 WOPI 0 min 26 845 22 11 15 7 4
N719 WOPI 15 min 22 905 20 11 13 8 4
N719 WOPI 30 min 19 955 18 10 13 8 4
N719 WOPI 45 min 22 981 22 10 12 8 5
N719 WOPI 60 min 22 970 21 10 12 8 5
SQ2 WOPI 15 min 185 18 3 15 12 32 9
SQ2 WOPI 30 min 136 20 3 11 12 23 6
SQ2 WOPI 45 min 107 22 2 11 11 20 6
SQ2 WOPI 60 min 94 23 2 10 11 19 5
1 The DSC SQ2 WOPI 0 min was not fitted due to high resistance values, which resulted in a high error of the fitting.
For both DSC sets, the main difference between 0 and 60 min under ambient light after cell building
lied in the recombination resistance and capacitance values. For both sensitizers, the recombination
resistance decreased with the standing time. The value of Cµ depended on the values of Rrec, Q, and α
according to Equation (4). The values of α stayed constant over the 60 min period, and the values of Q
had only a small variation (Table S2, Supplementary Materials). Thus, Rrec had the highest impact on
Cµ, and its lower values resulted in a higher chemical capacitance.
It is known [12] that Rrec values are lower under irradiation than in the dark. Our next step was
to measure DSCs after preirradiation. According to the data in Figure 4 and Table S1 (Supplementary
Materials), the J–V curves for the N719-based DSCs were not affected by the preirradiation, in contrast
to those for the SQ2-based cells. For the N719-based DSCs, Rrec changed from 19 to 22 Ω from 0 to
60 min API (Table 2). These resistance values were very similar to the values obtained between 15
and 60 min after DSC fabrication WOPI. The Cµ values between 0 and 60 min API have only a small
variation (976 to 990 µF) compared to those WOPI. For the SQ2 dye, we observed the opposite trend.
The increase in JSC results in a higher overall performance, which is reflected in the impedance of
the cells. For 0 min and 60 min API, Cµ values change little (37 to 42 µF), while the difference in
Rrec values is greater than 10 Ω. Other parameters including τ, Ws and counter electrode parameters,
stay constant.
Table 2. The EIS parameters for the DSCs with N719 and SQ2 dyes. The DSCs were measured with
15 min preirradiation under 1 sun at a 1.5 air mass (AM) (100 mW cm−2). Between the measurements,
DSCs were kept under ambient light.
DSC Rrec (Ω) Cµ (µF) τ (ms) Ws (Ω) Rs (Ω) RPt (Ω) CPt (µF)
N719 API 0 min 19 976 19 11 11 9 5
N719 API 15 min 23 948 22 10 11 9 5
N719 API 30 min 20 991 20 10 11 9 5
N719 API 45 min 20 1007 20 10 11 9 5
N719 API 60 min 22 990 21 10 13 9 5
SQ2 API 0 min 65 37 2 10 10 17 5
SQ2 API 15 min 62 37 2 9 10 18 5
SQ2 API 30 min 56 39 2 9 10 17 5
SQ2 API 45 min 48 42 2 9 10 16 5
SQ2 API 60 min 52 42 2 9 10 17 5
3.2. General Reproducibility of DSCs in Terms of EIS Measurements
To check the impedance reproducibility of DSCs and to confirm how many cells should be measured
in order to obtain an overview of representative cell impedance for a target system, we measured
15 DSCs containing N719 and 15 cells with SQ2 for APIs in a range of 45–60 min. The experimental data
are presented in Figure 6, and the fitted data are shown in Figures S2–S4 (Supplementary Materials).
For the N719-containing DSCs, three semicircles in each Nyquist plot could be clearly separated from
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each other. In the case of the SQ2-containing DSCs, the first two semicircles overlapped, which made
the electron transport resistance indistinguishable from Rrec. Thus, we used model 2 (Figure 4b) for
fitting the experimental data.
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Figure 6. Nyquist plots of the DSCs with N719 (blue) and SQ2 (green) sensitizers. The plots represent
the experimental data.
As mentioned above, in the case of the N719-containing DSCs, we fitted the EIS curves using both
models 1 and 2. Since model 1 is commonly used, we showed that the data in Table S3 (Supplementary
Materials) and Table 3 reve ed that th fitting wit model 1 compared to that using model 2 did not
result in significant differences in values of the recombination resistance (Rrec), chemical capacitance
(Cµ), empirical constant (α), electron lifetime (τ), and Warburg resistance (Ws). The platinum counter
electrode fittings were also comparable for both models. Thus, our further statistical analysis is
suitable for model 1 as well. Data for J–V measurements are presented in Table S4 and Figure S5
(Supplementary Materials).
Table 3. The EIS parameters for DSCs with N719 dye at an API range (45–60 min), which were fitted
with mod l 2. The Nyquist and Bode plots are presented in Figures S2–S4 (Supplementary Materials).
DSC Rrec (Ω) Cµ (µF) α τ (ms) Ws (Ω) Rs (Ω) RPt (Ω) CPt (µF)
N719 cell 1 25 756 0.92 19 12 12 13 4
N719 cell 2 22 724 0.95 16 11 11 9 4
N719 cell 3 24 902 0.94 22 9 14 8 4
N719 cell 4 22 852 0.94 19 10 11 9 4
N719 cell 5 26 847 0.92 22 11 10 9 4
N719 cell 6 24 971 0.94 24 9 11 7 5
N719 cell 7 25 955 0.94 24 14 14 8 4
N719 cell 8 23 927 0.93 21 11 10 10 4
N719 cell 9 28 951 0.94 26 11 9 8 5
N719 cell 10 27 826 0.93 22 11 14 13 4
N719 cell 11 22 753 0.94 17 10 11 9 4
N719 cell 12 17 801 0.95 14 9 12 6 4
N719 cell 13 24 660 0.94 16 10 10 9 4
N719 cell 14 26 711 0.93 18 10 10 10 4
N719 cell 15 30 604 0.93 18 9 11 9 4
In Table 4, statistical data for the N719-based DSCs are presented. These include the maximum
(max) and minimum (min) values, average value, SD, and relative standard deviation (RSD). Statistical
data were extracted from the fitted EIS parameters. The average value was a sum of all the values
Materials 2020, 13, 1547 8 of 11
for a given parameter divided by 15. SD is a statistical value, which gives information about the
dispersion of a data set values. RSD is a ratio of the SD to the average and expressed as a percentage
(Equations (S1)–(S3), Supplementary Materials).
Table 4. Statistical data for the N719-based DSCs extracted from the fitted EIS parameters.
Parameter Rrec (Ω) Cµ (µF) τ (ms) Ws (Ω) RPt (Ω) CPt (µF)
Maximum (max) 30 971 26 14 13 5
Minimum (min) 17 604 14 9 6 4
Average 24 816 20 11 9 4
SD 3 113 4 1 2 0.3
Relative standard
deviation (RSD) (%) 12 14 18 13 19 6
The analysis of the N719-based DSCs allowed us to assess the statistical difference between 15 cells.
The RSD values for Rrec, Cµ, τ, Ws, RPt, and CPt were in a range of 14% to 19% (Figure 7). The max
value in the case of Rrec was 30 Ω, while the min value was 17 Ω, giving an average value of 24 Ω.
Within the set of DSCs with N719, only three cells differed from the average value by more than
3 Ω. This showed that the RSD value of 12% was mainly due to a few outlying cells, and most of the
DSCs had good reproducibility in terms of recombination resistance. The values of Cµ were not as
reproducible as Rrec and ranged from 604 to 971 µF. Thus, the SD of the chemical capacitance was
±113 µF, and the average of the chemical capacitance values was 816 µF, giving an RSD of 14%. The
average value of Ws was 11 Ω, and the SD of Ws was ±1 Ω. Most of the cells had Ws values between 9
and 12 Ω with one DSC having a Ws value of 14 Ω. This resulted in an RSD value of 13%. The highest
RSDs were observed for τ and RPt with 18% and 19%, respectively. Since the values of τ depended on
Rrec and Cµ [25], the range of τ values was rather broad (14 to 26 ms). The counter electrode values are
usually considered as constant and should have minimal deviation from cell to cell. Despite this, the
DSCs in this investigation exhibited an RSD of RPt of 19%. Most of the cells had RPt values in a range
of 9 ± 2 Ω, but two cells had RPt values of 13 Ω. The values of CPt had the smallest RSD of 6% and lied
between 5 and 6 µF. Nonetheless, the fact that there were outlying cells underlined the importance of
acquiring EIS data for a series of cells and not for a single device. In order to understand whether the
SD values for N719 could be considered as rather high or low, we performed the same study for the
SQ2 dye (Figures S6–S8, Supplementary Materials).Materials 2019, 12, x FOR PEER REVIEW 9 of 12 
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Compared to the DSCs containing N719, the SQ2-based DSCs exhibited a lower reproducibility
in terms of overall performance because of the significant differences in values of JSC (Table S5 and
Figure S9, Supplementary Materials). The same trend was observed in the EIS measurements. In
Table 5, the EIS parameters for 15 DSCs with SQ2 as a sensitizer are presented.
Table 5. The EIS parameters for the DSCs with SQ2 dye in an API range (45–60 min), which were fitted
with model 2. The Nyquist and Bode plots are presented in Figures S6–S8 (Supplementary Materials).
DSC Rrec (Ω) Cµ (µF) α τ (ms) Ws (Ω) Rs (Ω) RPt (Ω) CPt (µF)
SQ2 cell 1 45 39 0.81 2 8 11 20 4
SQ2 cell 2 53 30 0.80 2 2 12 12 5
SQ2 cell 3 54 26 0.79 1 8 10 12 5
SQ2 cell 4 37 32 0.82 1 11 11 19 5
SQ2 cell 5 52 27 0.81 1 11 11 26 5
SQ2 cell 6 37 36 0.82 1 9 10 16 4
SQ2 cell 7 72 23 0.80 2 11 13 17 5
SQ2 cell 8 38 35 0.82 1 10 11 14 5
SQ2 cell 9 33 66 0.83 2 9 11 21 4
SQ2 cell 10 57 35 0.81 2 10 10 20 5
SQ2 cell 11 41 45 0.82 2 11 12 19 5
SQ2 cell 12 34 93 0.86 3 9 13 24 4
SQ2 cell 13 45 59 0.88 3 10 11 30 4
SQ2 cell 14 44 77 0.89 3 11 14 27 4
SQ2 cell 15 34 78 0.85 3 10 12 17 4
The statistical analysis of the EIS parameters confirmed the lower reproducibility for the
SQ2-contaning DSCs compared to those of the N719-containing devices (Table 6 and Figure 6).
The Rrec values ranged between 72 and 33 Ω with an average value of 45 Ω. The SD and RSD values
for the SQ2-based DSCs were ±11 Ω and 24%, respectively, while those for the N719-based DSCs were
3 Ω and 12%, respectively. The Cµ values varied widely (93 to 23 µF) with an average value of 47 µF,
leading to an RSD of 47%. Since Rrec and Cµ are related to JSC, their high RSD values could explain the
low reproducibility of JSC, which varied from 3.94 to 2.14 mA cm−2. The maximum and minimum
values of electron lifetime were 3 and 1 ms, respectively (τaverage = 2 ms). This led to an SD of ±1 ms
and an RSD of 41%. The Ws had only one outlying cell with a value of 2 Ω, which led to an RSD value
of 25% for the set of 15 DSCs. The rest of the DSCs had Ws values within a range of 8 to 11 Ω.
Table 6. Statistical data for the SQ2-based DSCs extracted from the fitted EIS parameters.
Parameter Rrec (Ω) Cµ (µF) τ (ms) Ws (Ω) RPt (Ω) CPt (µF)
max 72 93 3 11 30 5
min 33 23 1 2 12 4
average 45 47 2 9 20 5
SD 11 22 1 2 5 1
RSD (%) 24 47 41 25 27 11
The RPt values of the counter electrodes varied more significantly (12 to 30 Ω) for the SQ2-based
DSCs than for the N719-based DSCs. The SD was ±5 Ω, and the RSD was 27%. At the same time, CPt
stayed more or less constant and had an SD of ±1 µF with an average value of 5 µF, resulting in an
RSD of 11%.
Cµ and Rrec represented the shifts of the conduction band and the electron injection rate, which
affected the JSC values. In Figure 8, the values of Cµ and Rrec are presented as a function of JSC for both
the N719 and SQ2 dyes, since all three parameters were related to one other. The data for the two dyes
form separate groups on the graph and can be easily distinguished from each other, despite the rather
high RSD values of Cµ and Rrec for the SQ2-containing DSCs.
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4. Conclusions
Our findings lead to the conclusion that it is important to perform EIS measurements on multiple
cells to ensure representative data are collected about the electronic processes in DSCs. SQ2 is a good
example of a dye which has a wide variability and illustrates how diverse the parameters can be
within on set of d vices with identical omponents and fabricated i the same manner. There is a
strong tendency in the DSC literature to present EIS data with o ly one device f r a given dye, and the
conclusions based on these data may be erroneous. Thus, we encourage the DSC research community
to perform EIS measurements on at least four cells in order to determine reasonable average values.
Supplementary Materials: The foll wing are av ilable online at http://www.mdpi.com/1996-1944/13/7/1547/s1,
Table S1: J–V parameters for the DSCs with the N719 and SQ2 dyes WOPI and API; Table S2: Experimental
parameters α and Q needed for the correction of the constant phase element (CPE) and the final capacitance for
the DSCs with the N719 and SQ2 dyes WOPI and API; Table S3: The EIS parameters for the DSCs with the N719
dye with fitting model 1; Table S4: J–V parameters for the DSCs with the N719 dye; Table S5: J–V parameters
for the DSCs with the SQ2 dye; Figure S1: J–V curves for the DSCs with the dyes N719 and SQ2 WOPI and API;
Figure S2: EIS data for the DSCs with the N719 dye (cells 1–5); Figure S3: EIS data for the DSCs with the N719 dye
(cells 6–10); Figure S4: EIS data for the DSCs with the N719 dye (cells 11–15); Figure S5: J–V curves for the DSCs
with the N719 dye; Figure S6: EIS data for DSCs with SQ2 dye (cells 1–5); Figure S7: EIS data for the DSCs with
the SQ2 dye (cells 6–10); Figure S8: EIS data for the DSCs with the SQ2 dye (cells 11–15); Figure S9: J–V curves for
the DSCs with the SQ2 dye; Equation (S1): Average value; Equation (S2): SD value; Equation (S3): RSD value;
Equations (1)–(3) are used to calculate average, SD, and RSD values, respectively.
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